Ribozymes are catalytic RNA molecules that in some cases cleave themselves or other RNA molecules. Since some are small (on the order of 40 nucleotides), they have generated considerable interest as models for understanding how RNA can function as a catalyst. Ribozymes are also potentially important agents for selectively perturbing gene expression. The most studied trans-acting types are quite effective at specifically cleaving target RNAs in vitro (for a review, see reference 28). In vivo, target inactivation has been reported for bacteria (20, 40) , plant protoplasts (12, 34, 44) , Xenopus oocytes (8, 39) , cultured animal cells (references 5 and 23 and references therein) and transgenic animals (13, 19, 47) . Ribozymes may even be useful as antiviral agents: current versions can delay production of human immunodeficiency virus type 1 (HIV-1) from cultured human cells (10, 27, 32, 38, 46) . Thus, there are both basic and applied aspects to ribozyme study.
Hammerhead ribozymes, as refined by Haseloff and Gerlach (18) , are composed of a central 22-nucleotide catalytic domain flanked by short regions that bind to target RNA through complementary base pairing. To be susceptible to cleavage, a target RNA must contain one of several nucleotide triplets located between two regions that bind the ribozyme (33) . As revealed by X-ray crystallography of a ribozyme-substrate analog complex, the catalytic domain is a stem-like structure containing both Watson-Crick and novel base pairs (35) .
A large excess of ribozyme to target is generally required for ribozyme action to be observed inside cells (25, 26, 34, 44) . One reason for this could be the sensitivity of ribozymes to nucleolytic degradation. To help guide efforts to design stable ribozymes, we have initiated a study of the nucleases that attack ribozymes. The present work focused on Escherichia coli RNases because many of the genes encoding these enzymes are well characterized and mutations in many are available. We began by examining ribozyme degradation in cell extracts, using hammerhead ribozymes that contained a 3Ј-terminal hairpin to minimize degradation by exonucleases (protection of the 5Ј end was unnecessary because E. coli appears to lack 5Ј-to-3Ј exonucleases [2] ). Discrete endonucleolytic digestion products were attributed to the action of RNases I and I*, products of rna (6) . In the absence of a 3Ј-terminal hairpin, ribozymes showed an additional exonuclease sensitivity absent in a strain with mutations in both rnb (RNase II) and pnp (polynucleotide phosphorylase). About half of the intracellular degradation of ribozymes protected by a 3Ј-terminal hairpin was due to RNases I and I*. Two other candidate activities, RNase III and RNase E, appear to have little involvement, since mutations in the genes encoding these enzymes did not affect ribozyme decay rates. Thus, hammerhead ribozymes, and presumably other small foreign RNAs, are removed largely by RNases commonly thought to be involved in the final stages of mRNA decay.
MATERIALS AND METHODS
Bacterial strains and plasmids. Bacterial strains used in this study, listed in Table 1 , were derivatives of E. coli K-12. Cells were grown in L broth (29) at 37ЊC. Bacteriophage P1-mediated transduction (45) was used to introduce the rna-2 or rnc-105 mutations into various genetic backgrounds by selection for nearby tetracycline or kanamycin resistance markers followed by screening for colonies that lacked either RNases I and I* (16) or RNase III (15) . Four ribozyme-expressing plasmids, prepared as described previously (24) were used. pMPD48, containing the anti-HIV-1 integrase ribozyme ␤ (Rz␤)-encoding gene (40) inserted into the EcoRI site of pACYC184; pJYW702, containing the anti-tumor necrosis factor ␣ B2 ribozyme (RzB2)-encoding gene (42) inserted into pUC19 SalI-EcoRI sites; and pJYW703, containing the anti-tumor necrosis factor ␣ ribozyme A2 (RzA2)-encoding gene (42) inserted into pUC19 SalIEcoRI sites. In each case ribozyme expression was under control of a bacteriophage T7 promoter (24) . pJYW507 contains the Rz␤-encoding gene inserted into the EcoRI-PstI sites of plasmid pKK-223 (3) to place the ribozyme gene under the control of the tac promoter. Each plasmid was introduced into E. coli strains by transformation (37) .
In vitro degradation of ribozymes. Uniformly radiolabeled ribozymes were synthesized by transcription from DNA fragments containing a bacteriophage T7 promoter immediately upstream from each ribozyme gene (24) . Transcription mixtures (100-ml final volume) contained 40 mM Tris-HCl (pH 7.9); 6 mM MgCl 2 ; 2 mM spermidine; 10 mM dithiothreitol; 100 U of RNasin (Promega); 0.5 mM (each) ATP, GTP, CTP, and UTP; 10 Ci of [␣-
32 P]CTP; 3 g of DNA template; and 100 U of T7 RNA polymerase. Incubation was for 1 h at 37ЊC.
E. coli extracts were prepared from 100 ml of exponentially growing cultures. Cells were chilled quickly in ice water, harvested by centrifugation, washed with cold M9 medium (29) , resuspended in 1 ml of buffer A (20 mM Tris-acetate [pH 7.6], 80 mM potassium acetate, 0.5 mM EDTA, 0.5 mM 2-mercaptoethanol), and disrupted by sonication. Cell lysates were clarified by centrifugation at 12,000 ϫ g for 10 min, and aliquots were stored at Ϫ70ЊC until use. For the RNase activities associated with cell debris, material removed by centrifugation was washed with buffer A and then resuspended in 0.3 ml of buffer B (20 mM Tris-HCl [pH 7.6], 1 M KCl, 0.5 mM EDTA) by vortex mixing. Particulate material was removed by centrifugation at 12,000 ϫ g for 15 min, and the supernatant fluid was dialyzed against buffer A and tested for ribozyme-degrading activity. Protein concentrations were determined with a Bradford protein assay kit (Bio-Rad) with bovine serum albumin as the standard.
Reaction mixtures (10 l) contained 2 g of extract protein, 20 mM Tris-HCl (pH 8.0), and 40 ng of radioactively labeled ribozyme. After incubation for various times at 37ЊC or a temperature otherwise indicated, reaction mixtures were chilled on ice. RNA loading buffer (10 l; 20 mM Tris-HCl [pH 8.3], 10 mM EDTA, bromophenol blue [1 mg/ml], xylene cyanol [1 mg/ml], and 96% formamide) was then added to samples, and digested RNA fragments were separated by electrophoresis in 12% polyacrylamide gels containing 7 M urea. Following electrophoresis, the position of the radioactive ribozyme was determined by autoradiography, and portions of the gel containing the ribozyme were excised for determination of radioactivity by liquid scintillation spectrometry.
Intracellular ribozyme digestion. E. coli cells harboring pJYW507 were grown in L broth medium containing ampicillin (100 g/ml) to mid-log phase at 37ЊC or other temperatures as appropriate, IPTG (isopropyl-␤-D-thiogalactopyranoside) was added to 0.5 mM for 1 h, and this was followed by the addition of rifampin (160 g/ml) to stop transcription. At various times after the addition of rifampin, aliquots were removed and quickly chilled. RNA was extracted (40) , and Northern (RNA) transfer hybridization was performed (37) to measure amounts of residual ribozyme, with an oligonucleotide complementary to the ribozyme used as a probe.
RESULTS
Susceptibility of hammerhead ribozymes to endonucleolytic cleavage. Since a 3Ј-terminal hairpin retards intracellular degradation of hammerhead ribozymes (41) and since E. coli lacks 5Ј-specific exonucleases, it appeared likely that a ribozyme containing a 3Ј-terminal hairpin would be a good substrate for studying effects of endoribonucleases. Preliminary comparison of degradation kinetics for RzA2 and RzB2 (nucleotide sequences are shown in Fig. 1 ) showed that the terminal hairpin on RzA2 slowed degradation by 50% during incubation with an extract from the wild-type E. coli KD1112 (data not shown).
After separation of RNA fragments by gel electrophoresis, we observed several discrete cleavage products derived from RzA2 ( Fig. 2) . Production of cleavage fragments is most easily explained by digestion due to endoribonucleases. Since similar results were seen for hammerhead ribozymes directed against three different targets, HIV-1 integrase mRNA (Fig. 2) , tumor necrosis factor ␣ mRNA (Fig. 2) , and HIV-1 tat mRNA (data not shown), the phenomenon seems to be general.
Identification of ribozyme-degrading endonuclease in cell extracts. Some E. coli endoribonucleases can be distinguished by the effect of divalent cations on their nucleolytic activities. For example, RNases III and E require Mg 2ϩ (31, 36) , RNase N does not (30) , and RNase I is stimulated by removal of Mg 2ϩ (16) . When we examined the effect of divalent cations on ribozyme degradation by extracts, we found that Mg 2ϩ inhibited hammerhead ribozyme breakdown (Fig. 3 , compare lanes 1 and 5 to 7). EDTA at 10 mM had little effect (data not shown). These observations suggested that the major soluble endonucleolytic sources of hammerhead ribozyme degradation might be RNases I and I*, the periplasmic and cytoplasmic products, respectively, of rna (6) . As a further test, we examined the effects of Zn 2ϩ , which at low concentrations inhibits RNase I* but at high concentrations stimulates RNase I (6). Ribozyme degradation was inhibited by Zn 2ϩ at 0.5 mM (Fig.  3 , lane 2) but was stimulated at 5 mM (Fig. 3, lane 4) . This result indicated that RNase I* was the major degrading activity when no divalent cation was added to reaction mixtures. For other divalent cations tested, Ca 2ϩ behaved like Mg 2ϩ and Mn 2ϩ behaved like Zn 2ϩ (Fig. 3) . To support the conclusion that an rna gene product is a major endonucleolytic ribozyme-degrading activity in soluble cell extracts, we examined extracts prepared from strains with mutations in the genes encoding RNases I and I* (rna), III (rnc), E (rne), P (rnpA), and H (rnh). Degradation occurred with all extracts except those prepared from an rna-2 mutant (Fig. 4) . Thus the rna gene products appear to be responsible for endonucleolytic cleavage of hammerhead ribozymes in vitro.
Ribozyme (RzA2) decay rates (loss of intact ribozyme) were also compared for soluble extracts from wild-type (KD1112) Identification of ribozyme-degrading exonucleases. We next investigated whether particular exonucleases participate in degrading hammerhead ribozymes by examining the stability of a ribozyme lacking a 3Ј-terminal hairpin. Exonucleases are clearly involved, as illustrated by the digestion of RzB2 but not RzA2 when treated with extracts from an rna-2 mutant (strain KD1150; compare Fig. 5A and B, lanes 3) . In E. coli, the products of rnb and pnp, RNase II and polynucleotide phosphorylase (PNPase), respectively, are the major exonucleolytic enzymes responsible for mRNA degradation (9) . The two enzymes are redundant, so we expected to observe the absence of activity only when both were from mutant cells. When we tested extracts from a wild-type strain (SK5006) and an rnb-500(Ts) pnp-7 mutant (strain SK5003), enough activity was present at 37ЊC in the mutant extract to give a cleavage pattern indistinguishable from that of the wild type (Fig. 5A, lanes 2  and 4) . Thus mutation of pnp is insufficient to affect ribozyme degradation. During incubation at 43ЊC, neither RNase II nor PNPase is expected to be active in strain SK5003 (9), although RNases I and I* should be. Ribozyme digestion was extensive ( Fig. 5A lane 5 ; accumulation of digestion products indicated exonucleolytic activity was involved at late stages of degradation). Little or no cleavage was observed in extracts derived from an rna-2 rnb-500(Ts) pnp-7 triple mutant incubated at 43ЊC (Fig. 5A, lane 7) . Thus, no more than these three genes are involved. The effect of the temperature shift (Fig. 5 , lanes 6 and 7) establishes a role for RNase II in ribozyme degradation. The importance of RNases I and I* was reinforced by the presence of residual ribozyme in rna-2 mutant extracts even when exonuclease activity was present (Fig. 5A, lanes 3 and 6) .
As a control, we examined the effect of exonuclease mutations on degradation of a ribozyme containing a 3Ј-terminal hairpin. The hairpin substantially lowered the effectiveness of the exonucleases (compare Fig. 5A and B) . There was almost no cleavage in the absence of rna (Fig. 5B, lanes 3, 6, and 7) ; 5) or RzA2 (lanes 6 to 10) was incubated with extracts from the wild-type strain KD1112 for the times indicated. Samples were then displayed by gel electrophoresis, and the radioactive RNA was visualized by autoradiography. Migration is from top to bottom.
FIG. 3. Effect of divalent cations on ribozyme degradation.
32 P-labeled Rz␤ was incubated with extracts of the wild-type strain KD1112 for 60 min at 37ЊC in the presence of no added cations or cations plus Cl 2 at the concentrations indicated. Samples were then displayed by gel electrophoresis, and the radioactive RNA was visualized by autoradiography. Migration is from top to bottom. thus, RNases I and I* are crucial for initiating cleavage of a ribozyme protected by a 3Ј-terminal hairpin. Incubation in the rnb-500(Ts) pnp-7 mutant extract at 43ЊC led to an accumulation of short cleavage products (Fig. 5B, lane 5) . The longer two cleavage products did not accumulate, perhaps because of an increased level of activity of the rna gene product(s) at the higher temperature.
The data described above do not establish that PNPase is involved in ribozyme degradation, since they are the results expected for a single temperature-sensitive mutant in the absence of a backup gene. . Cleavage activity seen at 30ЊC (Fig. 6, lane 7) was largely blocked at 43ЊC (Fig. 6, lane  4) . Thus RNase II was the dominant exonuclease in the absence of Mg 2ϩ . When Mg 2ϩ was added to 5 mM, degradation was extensive following incubation at either 30ЊC (Fig. 6, lane  11) or 43ЊC (Fig. 6, lane 8) . This Mg 2ϩ -dependent activity present at 43ЊC was likely to be PNPase, since incubation with an Mg 2ϩ -containing extract from an rnb-500 pnp-7 mutant (strain SK5003) showed cleavage at 30ЊC (Fig. 6, lane 9) but not at 43ЊC (Fig. 6, lane 10 ; note that Mg 2ϩ inhibited RNases I and I*). Thus, both exonucleases appear to be involved in degrading hammerhead ribozymes lacking a 3Ј-terminal hairpin.
To gain a quantitative sense for the contribution of the rna, rnb, and pnp gene products to cleavage of ribozymes lacking a protective hairpin (RzB2), we measured degradation kinetics in an extract prepared from the triple mutant (strain KD1152). After a 10-min preincubation at 43ЊC to inactivate RNase II, samples were incubated at 37ЊC for various times, and loss of intact ribozyme was measured following extraction of RNA and gel electrophoresis. These three mutations eliminated greater than 95% of the cleavage (data not shown). A similar result was obtained when we varied extract amount and kept incubation time constant (data not shown).
Intracellular ribozyme decay. It has been difficult to demonstrate a function for rna by examining mutants for the accumulation of high-molecular-weight RNA (4, 16, 22) , perhaps because of residual activity and/or backup endonucleases (43) . Accumulation of Rz␤, which is protected at its 3Ј terminus by a hairpin, was also difficult to observe when RNA extracted from strain KD1122 (rna-2) was examined by Northern transfer hybridization or primer extension assays (data not shown). However, when we measured the rate of ribozyme decay following inhibition of transcription by rifampin treatment, a clear contribution of rna gene products was seen (Fig. 7) . 
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From the data in Fig. 7 it is clear that the rna gene products account for only part of the ribozyme decay occurring inside cells. To account for the difference between the intracellular and extract results, we prepared a KCl eluate from the cellular debris normally discarded following clarification of the extract. The eluate exhibited ribozyme-degrading activity even when obtained from the rna-2 mutant. We attempted to identify the residual activity by examining strains carrying combinations of rna, rne, and rnc mutations (strains KD1216, KD1218, and KD1241). We were unable to attribute the activity associated with cell debris or the residual intracellular activity with RNase E or RNase III (data not shown).
DISCUSSION
Endonucleolytic degradation of hammerhead ribozymes, and probably that of other small, foreign RNAs, is due largely to the products of rna, RNases I and I*. This conclusion was first suggested by the finding that Mg 2ϩ inhibited cleavage of ribozymes by soluble extracts (Fig. 3) . RNases I and I* are generally unaffected by chelators such as EDTA (6, 16) . Subsequently, we found that soluble extracts prepared from cells with mutations in rna failed to cleave ribozymes while those with mutations in rnc, rne, rnh, or rnpA showed cleavage activity (Fig. 4) . Intracellular degradation was slowed about 50% by mutation of rna (Fig. 7) . Efforts to attribute the remaining activity to RNase E and/or RNase III were unsuccessful (data not shown), and the identity of that activity is unknown. Among the possibilities is RNase M (7).
Three lines of evidence suggest that RNase I* contributes much more to ribozyme degradation than does RNase I. First, levels of RNase I* in extracts are eight times those of RNase I (6). Second, RNase I* is inhibited by Zn 2ϩ while moderate concentrations stimulate RNase I (6): 0.5 mM Zn 2ϩ inhibited the ribozyme-cleaving activity we observed (Fig. 3) . Third, the locations of cleavage sites due to incubation of ribozymes in extracts differ from those observed with commercial RNase I (45a). Since RNase I* is also the cytoplasmic product of rna (6) , it is likely to be the intracellular activity that we detected. It has been suggested that RNase I*, which cuts structured RNA poorly, may be largely responsible for degradation of fragmented mRNA to di-and trinucleotides (7) . By introducing a small RNA into cells and finding that decay rates were slower in an rna-2 mutant than in wild-type cells, we have provided physiological support for that suggestion.
Soluble extracts also contain two exonucleases, PNPase and RNase II, that are thought to be responsible for degrading mRNA after endonucleolytic cuts have been introduced (9) . Exonucleolytic action was examined by treating ribozymes lacking a protective 3Ј-terminal hairpin with soluble extracts from cells with mutations in rna. Degradation was absent when extracts were also obtained from cells with mutations in rnb and pnp. Temperature sensitivity of both rnb-500 and ribozyme cleavage clearly implicated RNase II in the process (Fig. 5) . Temperature sensitivity was lost when pnp was wild type (Fig.  6 ), indicating that PNPase is also involved. This is the result expected on the basis of the known redundancy of these two exonucleases (9) . Ribozymes can be readily protected from these exonucleases by 3Ј-terminal hairpins (Fig. 5) .
RNase I* is sensitive to substrate structure but not nucleotide sequence (6). Our conclusion that RNase I* is a major ribozyme-degrading endonuclease in extracts has both positive and negative aspects. On the positive side, easily prepared extracts can be used to probe RNA structure with a sensitivity not found with commercially available RNases (45a). On the negative side, insensitivity to sequence makes it difficult to design a ribozyme that will be resistant to the nuclease. Fortunately, the sequence problem does not extend to human cells: in human cells, one of the major degradative enzymes that attacks ribozymes prefers to cut at particular dinucleotides. Removal of those dinucleotides increases the intracellular stability and effectiveness of ribozymes (35a). Exponentially growing cultures of wild-type (open circles; strain KD1112) or rna-2 (solid circles; strain KD1122) E. coli carrying pJYW507 were treated with IPTG to induce expression of Rz␤. After 1 h, rifampin was added to halt transcription and aliquots were removed for RNA extraction at the indicated times. Intact ribozyme RNA was detected by Northern transfer hybridization, and the radioactivity in ribozyme bands was determined.
